Cetaceans are increasingly being included as top trophic-level predators in models of ecosystem dynamics (Baumgartner and Mate, 2003; Tynan, 2004; Redfern et al., 2006) . Traditional visual survey methods for cetaceans detect only a fraction of the animals present, both because visual observers can see them only during the very short period when they are at the surface, and because visual surveys can be undertaken only during daylight hours in relatively good weather (Mellinger and Barlow, 2003) . Perhaps more importantly, visual survey results can be highly variable, due both to clumping of cetaceans into large groups and to their relatively limited spatial and temporal scales.
Surveys are typically performed using a small number of observation pointsone or a few vessels-for a few weeks to a few months of the year.
Acoustic observation may be active or passive. Active acoustics, in which a sound is transmitted and the returning echo analyzed, is widely used for observation of zooplankton and micronekton (primarily fishes, squids, and shrimp), as well as in fisheries research. Here, we describe passive acoustic observation, which is used more widely for cetacean observation. In this type of observation, the instrument used does not produce any sounds itself; it only captures sounds from the surrounding environment. In recent years, passive acoustic methods have become increasingly widespread for cetacean observation (e.g., Moore et al., 2006) . In joint visual-acoustic surveys, acoustic modalities have detected one to ten times as many cetacean groups as visual ones (McDonald and Moore, 2002; Širović et al., 2004; Barlow and Taylor, 2005; Rankin et al., 2007) , and acoustic observation has the additional advantages that it can continue at night, in poor weather, and under other conditions in which visual observation cannot.
Another distinction in passive acous- In this article, we describe the methodology of fixed passive acoustic obser- A number of laboratories have designed and used such instruments since the mid-1990s (Calupca et al., 2000; Fox et al., 2001; Wiggins, 2003; Lammers et al., in press), and more recently a commercial version has become available (http:// www.totalsat.qc.ca/mte/aural_en.htm).
These instruments store acoustic data internally, so they must be recovered before data analysis can begin.
In addition to the widely used cabled hydrophones and autonomous recorders, radio-linked hydrophones are occasionally used for marine mammal acoustic surveys. These combine a hydrophone sensor on a mooring (Clark et al., 2007) or on shore-fast ice (Clark et al., 1996) with a radio link to a shore station or ship (e.g., Rankin et al., 2005 Some species are more amenable to accurate acoustic surveys than others. Dudgeon, 1993; Stafford et al., 1998) .
Beamforming increases the signal-tonoise ratio ( 
Behavioral Considerations
Some species are more amenable to accurate acoustic surveys than others.
Species-specific factors influencing fixed passive acoustic surveys include these:
• Frequency. Sounds below 1 kHz have significantly less seawater absorption loss than sounds above 10 kHz (François and Garrison, 1982) , and thus can be detected at greater distances. The former frequencies are typical of mysticetes, while the latter are typical of odontocetes. Figure 1 shows the frequency ranges of cetacean vocalizations.
• Vocal behavior. Some cetaceans vocalize more frequently or more consistently than others, making them better subjects for acoustic surveys.
Vocalizing behavior varies with gender, age, and season. For instance, adult males of many baleen whale species vocalize regularly and loudly during the breeding season.
• Source level. The larger cetaceans, including mysticete whales and sperm whales, produce intense vocalizations that can be detected at distances of several tens of kilometers on a single hydrophone (Barlow and Taylor, 2005; Stafford et al., in press) and much farther-hundreds of kilometers-on hydrophone arrays (Clark, 1995) . For instance, blue whale (Balaenoptera musculus) tonal calls have been measured over 185 dB RMS re 1 µPa @ 1 m (Cummings and Thompson, 1971; McDonald et al., 2001; Thode et al., 2000; Širović et al., 2007) , while on-axis sperm whale clicks have been measured at instantaneous levels up to 223 dB re 1 µPa peak equivalent RMS @ 1 m (Møhl et al., 2000) . In contrast, bottlenose dolphin (Tursiops truncatus) tonal sounds (whistles) have been measured at source levels up to 169 dB re 1 µPa RMS @ 1 m (Janik, 2000) while their clicks have been measured at 210-213 dB re 1 µPa RMS @ 1 m (Au et al., 1986 ).
• Directionality. High-frequency click sounds of some odontocetes are highly directional. For instance, the directionality index for bottlenose dolphins is at least 26 dB (Au, 1993) , and sperm whale sound emission is at least 35 dB louder in some directions than others (Møhl et al., 2000) . In contrast, low-frequency baleen whale sounds are believed to be emitted essentially omnidirectionally, in part because the long wavelengths make directional sound emission all but impossible.
Detection of Vocalizations
Vocalizations of a target species can be detected manually, with specialists listening to sounds and/or looking at spectrograms to find occurrences of these species' vocalizations (Clark et al., 1996; Stafford et al., 1999 Stafford et al., , 2001 ). The volumes of data involved, however, more often dictate using automatic detection. (Stafford, 1995) , energy summation in a certain band followed by statistical classification (Fristrup and Watkins, 1994; Oswald et al., 2004) , image-processing techniques in spectrograms (Gillespie, 2004) , spectrogram-based template matching (Mellinger and Clark, 2000) , neural networks (Potter et al., 1994) , waveletbased decomposition (Lopatka et al., 2005) , band-limited amplitude in either the time series (Gillespie and Chappell, 2002) or spectrogram (Mellinger et al., 2004a) , and many more. 
APPliCAtiONS AND ANAlytiCAl MethODS Determining range and Seasonality
Acoustic surveys have been used many times to measure the range and seasonal occurrence of cetaceans. One advantage of fixed passive acoustic methods is that they can be performed year round at relatively low cost (e.g., Thompson and Freidl, 1982) . Also, they can be carried out in remote areas that are difficult to survey other ways, such as far from land (Clark, 1995; Stafford et al., 1999; Nieukirk et al., 2004) employed to determine when throughout the year a given species is present in an area (see, e.g., Clark, 1995; Mellinger et al., 2004a Mellinger et al., , 2004b Munger et al., 2005) .
Abundance
Using a set of detected vocalizations to estimate the abundance of a species in a given area may be done in several ways.
One is to derive the probability of detection as a function of range. This probability density function (PDF) may then be inverted using point-transect statistical methods (Buckland et al., 2001) , which essentially extrapolate from the number of animals detected near the sensor to the number of animals present and vocalizing in some larger area.
The PDF can be estimated either by (1) acoustically locating the animals, such as recordings from multiple hydrophones and using time-of-arrival differences to estimate position (Cummings et al., 1964) , (2) estimating range to a vocal animal using acoustic multipath propagation effects (Cato, 1998; McDonald and Fox, 1999; McDonald and Moore, 2002; Širović et al., 2007) , or (3) using acoustic propagation models and distributions of source levels to estimate range from received levels (Cato, 1991) Another approach is to perform joint visual and acoustic surveys, then combine the results statistically to achieve a better estimate than is possible for either method alone (Fristrup and Clark, 1997) . Notably, this has been done for migrating bowhead whales, for which the visual observers count silent whales and the acoustic observers determine the proportion of unseen whales (Clark et al., 1996; Raftery and Zeh, 1998) .
Another example comes from a survey of sperm whale abundance in the east-...there are still numerous hurdles to be overcome before acoustic methods can be reliably used to estimate abundance, which is the ultimate goal for both ecosystem studies and management purposes.
ern Pacific, for which the visual component of the survey performed best at estimating group size, while the acoustic component performed best at detecting groups (Barlow and Taylor, 2005 ).
An additional use of acoustic monitoring in joint surveys is acoustic species identification (Oswald et al., 2003) . This becomes useful when shipboard surveys target species that are difficult to identify visually at a distance. This method has been used on eastern tropical Pacific dolphin abundance cruises where dolphin pods often show ship avoidance at distances greater than those at which they can be reliably identified using visual cues. The ability to use acoustic characteristics to determine species/species composition may determine whether or not the ship turns towards the target species or continues along its track to search for that species (Oswald et al., 2007) . (Mellinger and Clark, 2000) to detect their characteristic 28-Hz calls. In order to minimize false detections, the detection threshold was set sufficiently high that only these calls were detected. vocal animals are present at the same time (e.g., Širović et al., 2007) . To do this requires a minimum of three, and ideally four, instruments spaced closely enough that the same call is recorded on all of them but widely enough that animals may be located within a broad area.
The six instruments in the Bransfield
Strait region fit these requirements for
South America Antarctic Peninsula D r a k e P a s s a g e B r a n s fi e l d S t r a i t . track of a single blue whale moving through the study area. Whale calls were repeatedly located by time-of-arrival differences at the hydrophones; tracking was possible because it was the only vocalizing blue whale in the area.
the Antarctic have been made from near-bottom hydrophones (Širović et al., 2004, 2007) , near-surface sonobuoys (Rankin et al., 2005) , reFereNCe S
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